The tomato mosaic virus (ToMV) resistance gene Tm-1 encodes a protein that shows no sequence homology to functionally characterized proteins. Tm-1 binds ToMV replication proteins and thereby inhibits replication complex formation. ToMV mutants that overcome this resistance have amino acid substitutions in the helicase domain of the replication proteins (ToMV-Hel). A small region of Tm-1 in the genome of the wild tomato Solanum habrochaites has been under positive selection during its antagonistic coevolution with ToMV. Here we report crystal structures for the N-terminal inhibitory domains of Tm-1 and a natural Tm-1 variant with an I91-to-T substitution that has a greater ability to inhibit ToMV RNA replication and their complexes with ToMV-Hel. Each complex contains a Tm-1 dimer and two ToMV-Hel monomers with the interfaces between Tm-1 and ToMV-Hel bridged by ATP. Residues in ToMV-Hel and Tm-1 involved in antagonistic coevolution are found at the interface. The structural differences between ToMV-Hel in its free form and in complex with Tm-1 suggest that Tm-1 affects nucleoside triphosphatase activity of ToMV-Hel, and this effect was confirmed experimentally. Molecular dynamics simulations of complexes formed by Tm-1 with ToMV-Hel variants showed how the amino acid changes in ToMV-Hel impair the interaction with Tm-1 to overcome the resistance. With these findings, together with the biochemical properties of the interactions between ToMV-Hel and Tm-1 variants and effects of the mutations in the polymorphic residues of Tm-1, an atomic view of a step-bystep coevolutionary arms race between a plant resistance protein and a viral protein emerges.
The tomato mosaic virus (ToMV) resistance gene Tm-1 encodes a protein that shows no sequence homology to functionally characterized proteins. Tm-1 binds ToMV replication proteins and thereby inhibits replication complex formation. ToMV mutants that overcome this resistance have amino acid substitutions in the helicase domain of the replication proteins (ToMV-Hel). A small region of Tm-1 in the genome of the wild tomato Solanum habrochaites has been under positive selection during its antagonistic coevolution with ToMV. Here we report crystal structures for the N-terminal inhibitory domains of Tm-1 and a natural Tm-1 variant with an I91-to-T substitution that has a greater ability to inhibit ToMV RNA replication and their complexes with ToMV-Hel. Each complex contains a Tm-1 dimer and two ToMV-Hel monomers with the interfaces between Tm-1 and ToMV-Hel bridged by ATP. Residues in ToMV-Hel and Tm-1 involved in antagonistic coevolution are found at the interface. The structural differences between ToMV-Hel in its free form and in complex with Tm-1 suggest that Tm-1 affects nucleoside triphosphatase activity of ToMV-Hel, and this effect was confirmed experimentally. Molecular dynamics simulations of complexes formed by Tm-1 with ToMV-Hel variants showed how the amino acid changes in ToMV-Hel impair the interaction with Tm-1 to overcome the resistance. With these findings, together with the biochemical properties of the interactions between ToMV-Hel and Tm-1 variants and effects of the mutations in the polymorphic residues of Tm-1, an atomic view of a step-bystep coevolutionary arms race between a plant resistance protein and a viral protein emerges.
protein complex | virus resistance V iruses can affect the fitness of their hosts and thus often impose a selection pressure. Cellular organisms have evolved a variety of defense systems against invading viruses. Virus-specific molecular patterns, such as dsRNA or the RNA 5′-triphosphate, are targets of host innate immune systems that have broad antiviral specificity; whereas individual viral proteins may be targeted by a specific host resistance system. In mammals, restriction factors prevent the propagation of specific groups of viruses (1) . In plants, resistance proteins directly or indirectly recognize the targeted viral protein (gene-for-gene resistance systems) and then trigger a defense reaction or inhibit the viral protein's function (2) (3) (4) .
Viruses are able to evolve rapidly and acquire mutations that can escape or antagonize the host defense systems. To counter rapidly evolving viruses, the sequences of many host restriction factor genes are subject to positive selection and, consequently, mutate rapidly (5, 6) . Molecular evolutionary approaches have identified residues that are important for resistance in host defense protein sequences. Such information, in conjunction with the tertiary structures of related proteins, greatly facilitates our understanding of virus-host evolutionary arms races (7) .
The tomato mosaic virus (ToMV) resistance gene Tm-1 was bred from the wild tomato Solanum habrochaites S. Knapp & D.M. Spooner into the cultivated tomato Solanum lycopersicum L. to protect the latter from ToMV infection (8) . Tm-1 is a 754-amino acid protein that binds ToMV replication proteins and contains at least two domains according to an RPS-BLAST search of the Conserved Domain Database (9) : an uncharacterized N-terminal region (residues M1-K431) and a TIM-barrellike C-terminal domain (residues T484-E754) ( Fig. 1A ) (10) . An Escherichia coli-expressed N-terminal fragment of Tm-1 [residues 1-431, hereafter Tm-1(431)] inhibits ToMV RNA replication in vitro (11) . In S. habrochaites, the Tm-1 gene sequence encoding residues T79-D112 has been shown to be under positive selection, suggesting that these residues have evolved to counter ToMV infection and are important for inhibition of ToMV RNA replication (12) . We also found that a single naturally occurring amino acid change (I91 to T) in Tm-1 makes it a stronger inhibitor of ToMV RNA replication, enabling it to inhibit the replication of a Tm-1 resistance-breaking ToMV mutant, LT1, that contains Q979-to-E and H984-to-Y substitutions in the replication
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The Red Queen hypothesis proposes that host defense genes evolve to counter the adverse effects of rapidly evolving invasive viruses. Although 3D structures of host-viral protein complexes have provided great insights into the molecular conflicts between them, a single structure represents only an evolutionary snapshot. Here we present the atomic details of the step-by-step arms race between tomato mosaic virus replication protein and the host inhibitor protein Tm-1, in which host recognition of a viral molecule, viral adaptive evasion of the recognition, host counteradaptation, and viral countercounteradaptation are depicted by determination of the complex structures of Tm-1 variants and the viral protein and by biochemical analyses and molecular dynamics simulations of the interactions between these proteins.
proteins (12) . However, in LT1-inoculated S. habrochaites plants that have a Tm-1 allele with a T residue at position 91 [Tm-1(I91T)], mutant viruses that escaped from the inhibition by Tm-1(I91T) emerged spontaneously. These viruses have an additional mutation, E979-to-K [LT1(E979K)] or D1097-to-Y [LT1(D1097Y)], in the replication proteins. Replication of another resistance-breaking ToMV mutant T21 containing D1097-to-V and R1100-to-Q substitutions in the replication proteins is not inhibited by Tm-1(I91T). These findings indicate that the ToMV-Tm-1 system should serve as an appropriate model for a virus-host coevolutionary arms race, because, as described above, several ToMV mutants with different sensitivities to Tm-1 and Tm-1(I91T) exist.
ToMV is a positive-strand RNA virus and its replication proteins-a 126-kDa protein and its translational read-through product, a 183-kDa protein-are encoded in its RNA genome (13) . The 126-kDa protein contains the methyltransferase domain, involved in RNA 5′ capping, and the helicase domain. In addition to the aforementioned domains, the 183-kDa protein also contains the RNA-dependent RNA polymerase domain in the read-through region. Tm-1 inhibits the formation of ToMV replication complexes on host intracellular membranes and consequently inhibits negative-strand viral RNA synthesis (14) . The amino acid changes found in Tm-1 resistance-breaking mutants locate at the helicase domain of ToMV replication proteins (ToMV-Hel) and decrease the affinity of Tm-1 for the replication proteins (12) . We recently determined a crystal structure of ToMV-Hel (residues S666-Q1116 of the replication proteins) (15) . ToMV-Hel contains two canonical RecA-like α/β domains (1A and 2A), which form the helicase core, and a structurally unique N-terminal domain. The positions of mutations in Tm-1 resistance-breaking mutants have been mapped to the surface of the molecule (15) .
In this study we present an atomic view that describes the coevolution of ToMV and the resistance gene Tm-1 as deduced from the crystal structures of complexes between fragments of ToMV-Hel and Tm-1.
Results
Structure of the Inhibitory Domain of Tm-1. We determined a 2.7-Å resolution crystal structure of selenomethionine (SeMet)-labeled Tm-1(431) by multiwavelength anomalous diffraction phasing (Table S1 ). The asymmetric unit of the crystal contains three Tm-1(431) homodimers with missing electron density for residues S39-K45, L80-A89, and S202-G210. The three Tm-1(431) dimers have an rmsd value of 1.04 Å, suggesting that the dimer structures are basically identical.
Tm-1(431) contains two discrete structural domains, residues M1-S201 (referred to herein as the "NN domain") and residues K211-K431 (the "NC domain") ( Fig. 1 A-C) . The two domains are connected by residues S202-G210, for which electron density was not found and thus suggesting the presence of a disordered interdomain loop. The NN domain contains a parallel five-stranded β-sheet surrounded by four helices on one side and two helices on the other; the tertiary structure is most similar to that of the nonhydrolyzing bacterial UDP-GlcNAc 2-epimerase [Protein Data Bank (PDB) ID code 3BEO] (Fig. S1A) , according to the distance alignment matrix method (DALI) server (16) . The NC domain contains a parallel six-stranded β-sheet surrounded by five helices on one side and two helices on the other, and an additional antiparallel three-stranded β-sheet with a short α-helix was found. The NC domain structure is most similar to the N-terminal domain of the Thermotoga maritima ribose-binding protein (PDB ID code 2FN8) (Fig. S1B) , according to the DALI server (16) . The region under positive selection (T79-D112; shown in red in Fig. 1B) forms part of the Tm-1 surface and contains α3 and residues L80-A89, which, because this sequence has no interpretable electron density, may be a disordered loop.
In the crystal structure, Tm-1(431) forms the homodimer via interactions between the NN domains ( Fig. 1B and Tables S2  and S3 ). Because the NN domain contains the positively selected region, we next expressed and purified the NN domain as the construct Tm-1(201) containing residues M1-S201 and its variant, Tm-1(201/I91T). These fragments inhibited ToMV RNA replication in vitro (Fig. 1D ). Although determination of the crystal structure of Tm-1(201) was unsuccessful, we were able to determine that of Tm-1(201/I91T) ( Fig. S1C ) and found that deletion of the NC domain did not affect the structure of the NN domain [the mean Cα rmsd value for superpositioned Tm-1(201/I91T) and the NN domain of Tm-1(431) is 0.46 Å].
Biochemical Characterization of ToMV-Hel-Tm-1 Interactions. Although Tm-1 resistance is overcome by mutations in ToMV-Hel, it has not been determined if Tm-1 could bind purified ToMVHel. Therefore we characterized the interaction between ToMVHel and Tm-1(431) by size-exclusion chromatography (SEC) and found that neither Tm-1(431) nor Tm-1(431/I91T) bound ToMV-Hel in the absence of ATP ( Fig. 2A) . In the presence of ATP the individual Tm-1(431) or Tm-1(431/I91T) and ToMV-Hel peaks almost disappeared, and new peaks of greater molecular mass appeared in which both Tm-1(431) or Tm-1(431/I91T) and ToMV-Hel were present as shown by SDS/PAGE ( Fig. 2A) . Thus, complexes between Tm-1(431) or Tm-1(431/I91T) and ToMVHel were formed with the aid of ATP.
To obtain further insight into the binding mechanism of Tm-1(431) and Tm-1(431/I91T) to ToMV-Hel, we used isothermal titration calorimetry (ITC) to determine the thermodynamic binding parameters and included adenosine 5′-O-(3-thio) triphosphate (ATPγS), a slowly hydrolysable ATP analog, instead of ATP to circumvent the need to correct for the heat of ATP hydrolysis by ToMV-Hel. The results suggest that Tm-1(431) and Tm-1(431/I91T) bind ToMV-Hel with a 1:1 stoichiometry (Fig.  2B) . Consistent with previous results suggesting that the I91-to-T substitution strengthens Tm-1 inhibitory activity (12) Overall Structure of the ToMV-Hel-Tm-1(431) Complex. Because ATP is required for the ToMV-Hel-Tm-1(431) complex formation but also is hydrolyzed by ToMV-Hel (17), we cocrystallized the ToMV-Hel-Tm-1(431) complex in the presence of ATPγS and solved its structure at 2.5 Å (Fig. 3A and Table S1 ). The asymmetric unit of the crystal contains a tetrameric complex with a 2:2 stoichiometry consisting of a Tm-1(431) homodimer and two monomeric ToMV-Hel molecules. The complex has dimensions of ∼135 × 110 × 90 Å and resembles a "lobster," with the NN and NC domains of Tm-1(431) forming the body and the head, respectively, and ToMV-Hel forming a pair of claws (Fig. 3A) . Each half of the complex is roughly related by a rotation along the long axis of the tetramer; however, the two heterodimeric structures are not identical. The average Cα rmsd values for the two Tm-1(431) monomers and the two ToMV-Hel monomers in the complex are 2.37 Å (for 411 Cα atoms) and 1.82 Å (for 426 Cα atoms), respectively, whereas the average Cα rmsd value for the ToMV-Hel-Tm-1(431) heterodimers is 4.49 Å (for 829 Cα atoms), suggesting that the relative positions and orientations of the two ToMV-Hel-Tm-1(431) heterodimers differ and that the differences may be caused by crystalpacking interactions.
The Binding Interface of ToMV-Hel-Tm-1(431). The two interfaces of ToMV-Hel and Tm-1(431) in the tetramer are nearly equivalent. Each interface consists of the N-terminal region of the Tm-1 NN domain that contains T79-D112, which is under positive selection (Fig. 3B, Left) , and two regions of ToMV-Hel, I1094-Y1109 in the C-terminal region and H975-M986 in the region connecting the 1A and 2A domains (Fig. 3B, Right) . At least 21 residues in Tm-1(431) and 23 residues in ToMV-Hel contact each other directly (Fig. 3B, Fig. S2 A and B, and Tables S4 and  S5) . Notably, an ATPγS molecule is found in each ToMV-HelTm-1(431) interface, in addition to those found in the two ToMV-Hel nucleoside triphosphatase (NTPase) active sites.
The interaction between ToMV-Hel and Tm-1(431) is mediated by a combination of hydrophobic interactions and hydrogen bonds and can be parsed into four sets of residues ( Fig. 3B and (I91,  L94 , A95, and I98) interacts with certain residues in the sequence that connects domain 1A and 2A (H975, F976, N978, Q979, and H984) and the two C-terminal α-helices of ToMV-Hel (I1094, D1097, L1098, V1101, L1105, M1108, and Y1109) mainly through hydrophobic interactions, with a hydrogen bond between I91(O) and H975(NE2). All known ToMV-Hel residues that are changed in the resistance-breaking mutants, namely Q979, H984, D1097, and R1100, make direct contact with Tm-1(431) (Fig. S2 C-F) .
A Role for ATP in the Complex Formation. Because ATP is required for ToMV-Hel-Tm-1(431) association and because ATPγS is found in the ToMV-Hel NTPase catalytic sites and interfaces of the complex structure, we investigated whether the presence of ATP in either or both sites is important for complex formation. ToMV-Hel hydrolyzes GTP, UTP, and CTP, as well as ATP (17) , indicating that these nucleoside triphosphates bind in the ToMV-Hel active site. However, when examined by the SEC and ITC, ToMV-Hel and Tm-1(431/I91T) could form a complex only in the presence of ATP, ADP, or ATPγS but not in the presence of GTP or guanosine 5′-O-(3-thio) triphosphate (GTPγS) (Fig. S3  A and B) . These results suggest the dispensability of an NTP at the ToMV-Hel active site for complex formation and emphasize the importance of bound ATP at the ToMV-Hel-Tm-1(431) interface. In the crystal structure, ATPγS is positioned in the groove of Tm-1 that is surrounded by T16, D18, and K20 in α1, R92 in α3, G124-G127 in α4, and T55 and S56 in the loop between β2 and β3 ( Fig. 3C and Table S6 ). The adenine ring of ATPγS directly contacts Tm-1(431) S56 and R92 and ToMV-Hel D1097 and R1100 (Table S6) . Interestingly, the side chains of Tm-1(431) R92 and ToMV-Hel R1100 are in van der Waals distances with the purine base of ATPγS (Fig. S2F) . Thus, ATP may act as a bridge connecting ToMV-Hel and Tm-1(431).
The presence of an ATPγS-binding cavity in Tm-1(431) suggests that Tm-1 has an intrinsic ability to bind ATP. Indeed, according to the results of an ITC experiment, Tm-1(431) bound ATP with a K d of 1.4 × 10 −4 M without hydrolyzing it (Fig. S3C) . Conversely, the binding affinity of Tm-1(431) for GTP was less than 70-fold lower ( , and a conformational change in the K839 side chain at the NTPase active site also is observed (Fig. 4C) . Therefore, Tm-1 may induce a conformational change in ToMV-Hel by promoting a new hydrogen bond network that could influence the position of the side chain of K839, which is important for NTPase activity (19, 20) . Next, using ITC, we examined the ATPase activity of ToMVHel in the presence or absence of Tm-1(431/I91T). As deduced from the structure, ToMV-Hel complexed with Tm-1(431/I91T) showed less ATPase activity (a 32% reduction in k cat ) than did free ToMV-Hel (Fig. 4D ). The reduction in the ToMV-Hel ATPase activity by Tm-1 may account, in part, for Tm-1's inhibition of ToMV RNA replication.
Comparisons of the ToMV-Resistant and -Susceptible Tm-1 Alleles.
In S. habrochaites, both ToMV-resistant and -susceptible Tm-1 alleles have been maintained by balancing selection (12) . In fulllength Tm-1 (754 residues), 30 residues differ in the products of the Tm-1 alleles of the ToMV-resistant (US Department of Agriculture National Plant Germplasm System accession no. PI126445, identical to Tm-1 GCR237 used for structural determination) and ToMV-susceptible (accession no. PI390515) S. habrochaites plants. Twenty-two of those residues are in the NN domain, and 16 of those 22 residues are between T79-D112, the positive-selection sequence. As described above, at least 21 residues in Tm-1(431) make direct contact with ToMVHel in the crystal structure, and, notably, 11 of them differ in Tm-1 PI126445 and Tm-1 PI390515 (Fig. 5A ). To determine the importance of these residue changes for resistance, we constructed single-site Tm-1 PI126445 mutants in which one of the residues was replaced with the residue in the corresponding position in Tm-1 PI390515 . These mutant proteins were synthesized by in vitro translation and assessed for their ability to inhibit ToMV RNA replication. Surprisingly, many of the mutations decreased the inhibitory activity of Tm-1 PI126445 (Fig. 5B) . Therefore, the Tm-1 variable region cannot change readily while maintaining Tm-1 inhibitory activity; this limitation is in keeping with the limited sequence diversity within S. habrochaites ToMVresistant Tm-1 alleles (12). In addition, although the cDNA nucleotide sequences of Tm-1 PI126445 and Tm-1 PI390515 are 98% identical, two or three nucleotides in the codons encoding the residues at position 57, 87, 91, and 100 are altered (Fig. 5B) . The Tm-1 PI126445 residues at these positions are important for the inhibitory activity (Fig. 5B) , and W57, T87, and I91 directly contact ToMV-Hel (Tables S4 and S5 ).
Effect of the Tm-1 I91-to-T Substitution on ToMV-Hel-Tm-1 Binding.
To understand how the I91-to-T substitution in Tm-1 increases its inhibitory activity, we solved the structure of the ToMV-HelTm-1(431/I91T) complex crystallized in the presence of ATPγS (Table S1 ). The overall structure of this complex is very similar to that of the ToMV-Hel-Tm-1(431) complex (Cα rmsd, 0.228 Å) (Fig. 6A) . Tm-1(431) I91 makes hydrophobic interactions with seven ToMV-Hel residues, and its backbone carbonyl oxygen makes a hydrogen bond with H975(NE2) (Fig. 6B and Tables S4  and S5 ). In the ToMV-Hel-Tm-1(431/I91T) structure, T91(OG1) and T91(O) hydrogen bond directly with Q979(OE1) and H975(NE2), respectively, and T91(OG1) and T91(CG2) are involved in a hydrogen bond network containing water molecules and I1094(O) and D1097(OD2) (Fig. 6C and Tables S4 and S5 ). These observations are consistent with the ITC result (Fig. 2B) showing that Tm-1(431/I91T) binds to ToMV-Hel more tightly than does Tm-1(431). To understand how the amino acid changes in ToMV-Hel affect its interaction with Tm-1, we simulated stable structures of the complexes formed by Tm-1 and each of the ToMV-Hel mutants using molecular dynamics (MD), having built each complex from the crystal structure of the ToMV-Hel-Tm-1(431) complex (Fig. 7A) . The hydrogen bond between the Q979(NE2) of WT ToMV-Hel and Tm-1 F88(O) is lost when Q979 is replaced by E as found in LT1-Hel (Fig.  7B ). In addition, although H984 in ToMV-Hel forms hydrogen bonds with Tm-1 T84(OG1) and M85(O), such hydrogen bonds are not possible for Y984 in LT1-Hel (Fig. 7B) . Disruption of these hydrogen bonds also causes separation of ToMV-Hel N978-Y984 and Tm-1 G81-F88, indicating that the hydrophobic interactions are compromised (Fig. 7B) . In T21-Hel, V1097 and Q1100 (replacing D and R, respectively, in WT ToMV-Hel) do not interact with ATPγS, although these mutations do not appear to affect the direct interaction with Tm-1 residues (Fig. 7B) . The inability of V1097 and Q1100 to interact with ATPγS allows the separation of T21-Hel and Tm-1 and the disruption of certain hydrophobic interactions, for example, that between ToMV-Hel L1098 and Tm-1 I91. These results again highlight the importance of the sandwiched ATP at the complex interface. Tm-1(I91T) and its truncated variants inhibit LT1 RNA replication (Fig. 1D) ; however, LT1 escapes inhibition when E979 or D1097 is replaced by a K or Y, respectively (12) . In the crystal structure of ToMV-Hel-Tm-1(431/I91T), both key residues of ToMV-Hel [Q979(NE2) and D1097(OD2)] hydrogen bond with T91 side-chain atoms of Tm-1(431/I91T) directly and through water molecules, respectively (Fig. 6C) . The LT1-Hel-Tm-1(431/I91T) complex was simulated using the crystal structure of the ToMVHel-Tm-1(431/I91T) complex as the template. In this modeled complex, Tm-1(I91T) T91(OG1) hydrogen bonds directly with LT1-Hel E979(OE2) (Fig. 7C) . In addition, Tm-1(I91T) T91(CG2) participates in a hydrogen bond network involving a water molecule, LT1-Hel E979(OE1), and D1097(OD2) (Fig. 7C) . Consequently, the interacting loops of LT1-Hel and Tm-1(I91T) remain adjacent to each other even though Y984 is not involved in hydrogen bonds that were formed by WT ToMV-Hel H984. The E979-to-K substitution in LT1-Hel prevents the formation of hydrogen bonds between LT1(E979K)-Hel K979 and Tm-1(I91T) T91 and a water molecule (Fig. 7D) . The D1097Y substitution in LT1-Hel also disrupts the hydrogen bonds formed with Tm-1 (I91T) T91 via a water molecule and the hydrogen bond formed with ATPγS (Fig. 7D) .
Discussion
Structural Basis for the Recognition of ToMV-Hel by Tm-1(431). We present here the crystal structures of ToMV-Hel complexed with Tm-1(431) and Tm-1(431/I91T); we used these structures to identify their protein-protein interaction (PPI) interface. Two characteristic stabilizing mechanisms appear to be present for the interaction of ToMV-Hel and Tm-1(431): an ATP bridge (represented by ATPγS in the crystal structures) and a disorderto-order transition involving Tm-1 residues L80-A89. ATPγS is positioned in the cavity of Tm-1 so that many residues interact with its adenine ring, ribose moiety, and phosphates ( Fig. 3C and Table S6 ). Because Tm-1 homologs also are found in fungi, bacteria, and archaea, we proposed that Tm-1 has a primary function other than virus resistance in plants and that its ability to bind ToMV replication proteins and inhibit viral replication is an accidental evolutionary event (10) . The ATPbinding site of Tm-1 resembles the substrate-binding site of bacterial UDP-GlcNAc 2-epimerase (Fig. S1A) . As documented in our ITC experiment, Tm-1(431) binds ATP (Fig. S3C) ; therefore, the ability of Tm-1 to bind ATP (and other related molecules) may be part of its primary function. Tm-1 probably binds ATP before forming a complex with ToMV-Hel because in the complex crystal structure ToMV-Hel D1097 and R1100 contact the adenine base of ATPγS and thereby serve as a lid (Fig. 3C) . The inability of free Tm-1(431/I91T) to bind GTP (Fig. S3C) and to bind ToMV-Hel in the presence of GTP or GTPγS (Fig. S3 A and B) is consistent with this proposal. Allosteric and direct interactions involving small molecules have been proposed as means for stabilizing protein complexes (21) . ATP and related molecules possibly act to glue ToMV-Hel and Tm-1 together and are direct stabilizers. Small molecule-stabilized PPIs can act as sensors for the concentrations of the stabilizing small molecules and thereby regulate downstream functions (21) . However, because ATP is abundant in the cytoplasm, it is unlikely that it regulates the formation of the ToMV PI390515  W57L  S62G  S71R  H78Y  T79A  L80Q  E82G  T84S  M85V  G86V  T87Q  F88L  A89P  I91D  L94Q  S100N  L103F  E104Q  I109K replication
Regarding the disorder-to-order transition, intrinsically disordered regions of proteins often have been found at PPI sites (22, 23) . Residues L80-A89 appear to be disordered in free Tm-1(431) (Fig. 1) but ordered when complexed with ToMV-Hel (Fig. 3) . ToMV-Hel Q979 and H984, which are mutated in LT1, interact with these residues of Tm-1 via hydrogen bonds and hydrophobic interactions. Notably, this region and α3 of Tm-1 comprise the positively selected region (T79-D112) involved in antagonistic coevolution with ToMV. Probably, mutations in the disordered region do not affect the overall structure of Tm-1 and thus could have undergone rapid mutation over time without constraints regarding the primary function of Tm-1.
The I91-to-T substitution increased Tm-1 inhibitory activity (Fig. 2B) , whereas the I91-to-D substitution abolished it (Fig.  5B) , indicating that the residue at position 91 in Tm-1 is key for the interaction between Tm-1 and ToMV-Hel. In the complexes, the I91 or T91 side chain is located geometrically at the center of the interaction interface and is surrounded by seven or six interacting ToMV-Hel residues, respectively (Figs. 3B and 6 B and C, Fig. S2B , and Tables S4 and S5 ). Therefore, the residue at position 91 in Tm-1 possibly serves as a hot spot for ToMV-HelTm-1 association. Such hot spots have been found in many PPI sites (24, 25) .
Possible Mechanisms for Inhibiting ToMV RNA Replication by Tm-1.
The structures of ToMV-Hel in the free form and in the ToMVHel-Tm-1(431) complex are strikingly different (Fig. 4B) , and the structural changes may be induced by Tm-1 binding. Although Tm-1 binds residues distal to the ToMV-Hel NTPase active site, the binding results in conformational changes at the active site (Fig. 4C ) so that Tm-1 partially inhibits the ATPase activity of ToMV-Hel (Fig. 4D) . Tm-1 F88, which interacts with ToMV-Hel Q979 to trigger the conformational change, is important for the inhibitory activity for ToMV RNA replication (Fig. 5B) . Because helicases undergo multiple conformational changes upon binding to ATP or nucleic acids during catalysis (26) , the inhibition may be viewed as an allosteric effect because the conformational change in ToMV-Hel is constrained by Tm-1. In tobacco mosaic virus, closely related to ToMV, mutations in the NTPase active site have a deleterious effect on viral infectivity (20) . If ToMV-Hel NTPase activity is required multiple times per replication, a partial reduction of the NTPase activity may have a big effect on the inhibition of RNA replication. We proposed that ToMV-Hel must undergo a conformational change to interact with host factors during the assembly of the replication complex (27) . In a cell-free replication system, Tm-1 inhibits the binding of replication proteins to the host membrane proteins TOM1 and ARL8 and the sequestration of replication templates, which are tightly linked to and precede the formation of the replication complex, in the membranous compartment (14) . How partial inhibition of helicase NTPase activity affects overall replication, or if other mechanisms (e.g., inhibition of a conformational change required for replication complex assembly) also contribute to the inhibition by Tm-1 will be addressed in future studies.
The Recognition-Evasion Arms Race Between ToMV and Tm-1.
In combination with molecular evolution studies, structural determination of antiviral proteins provides insights into how hosts recognize viruses, how they have evolved against viruses, and vice versa. For example, in vertebrates, protein kinase R, an important component of the antiviral innate immunity system, has evolved so that mutations arise at positions distal from its interface with the antagonizing poxvirus protein K3L as well as directly at the interface (28, 29). As noted above, we previously found that the sequence T79-D112 in Tm-1 is under positive selection (12); now we show that these residues are directly involved in binding Tm-1 to ToMV-Hel. Residues in flexible loops usually are not subject to structural/functional constraints and may be mutated without resulting in deleterious effects; this property might have accelerated the evolution of Tm-1 alleles until resistant alleles against ToMV emerged. Our mutagenesis study suggests that once Tm-1 gained the ability to bind ToMV-Hel, the identities of residues between positions 79 and 112 have been maintained under a functional constraint (Fig. 5) . ToMV has escaped Tm-1 inhibition via changes in the residues targeted by Tm-1. Two possible sets of residue changes have been reported in spontaneously emerged ToMV mutants (LT1-and T21-type) (30, 31) . Our MD simulations show that these mutations can (partially) disrupt the ToMV-Hel-Tm-1 interaction (Fig. 7) . Note that T21 carries a higher fitness cost to overcome the resistance than LT1 (12) . Possibly, to counteract the effect of the LT1-type resistance-breaking ToMV mutant, host plants have evolved the alleles encoding Tm-1(I91T) that can form a hydrogen-bond network involving water molecules and that has a greater affinity for ToMV-Hel (Figs. 2 and 6 ). Our MD simulation confirmed that the LT1-Hel-Tm-1(431/I91T) complex is stable (Fig. 7) . To evade inhibition by Tm-1(I91T), LT1 incorporates an E979-to-K or D1097-to-Y substitution. The MD simulations suggest that each of these substitutions can disrupt Tm-1 (I91T) binding (Fig. 7) . Taken together, the crystal structures of the ToMV-Hel-Tm-1 complexes and the MD simulations reveal the atomic details of host recognition of a viral molecule, viral evasion of that recognition for adaptation, host counteradaptation, and viral counter-counteradaptation during a virus-host arms race.
Materials and Methods
Tm-1(431), Tm-1(201), and their derivatives containing the I91-to-T substitution were expressed as maltose-binding protein fusion proteins in E. coli and were purified as described previously (11) . The ToMV-L strain and proteins encoded by its genome were used as the WT system. WT ToMV-Hel and its mutant forms were expressed as thioredoxin-hexahistidine fusion proteins in E. coli and were purified as described previously (16) . ToMV-Hel-Tm-1(431)-type complexes were purified by a Superdex-200 SEC after loading a 1:1 molar mixture of the appropriate two proteins in the presence of an excess amount of ATP. Protein crystals were grown in hanging drops containing equal volumes of protein and reservoir solutions. Cryoprotected crystals were flash-frozen in liquid nitrogen before diffraction data were collected at the SPring-8 beamline BL38B1 or the Photon Factory beamlines BL-5A and NWE-12A.
Diffraction data and refinement statistics are given in Table S1 . The Tm-1(431) structure was determined by the multiwavelength anomalous diffraction phasing method using a SeMet-labeled protein crystal. )-encoding cDNAs were PCR amplified using the primers 5′-caccatcgaaggtaggatggcaactgcacagagt-3′ (the Factor Xa cleavage site is italicized) and 5′-ctatcaactttcaagcctcccgatcaccat-3′ (the stop codon is underlined) and a plasmid encoding fulllength Tm-1 or Tm-1(I91T) as the template and then were cloned individually into a pENTR/D-TOPO vector. The cDNA in each pENTR/D-TOPO vector was transferred into a pDEST-mal expression vector, and the proteins were expressed and purified as described (1) . The helicase domain of the tomato mosaic virus (ToMV) replication proteins (ToMV-Hel) was cloned, expressed, and purified as described in ref. After crystal growth, each crystallization drop was equilibrated against reservoirs of increasing ethylene glycol concentration [5, 10, 15 , and 20% (wt/vol)], and then the crystals were flash-frozen under a cryogenic stream of nitrogen gas. A three-wavelength multiwavelength anomalous diffraction (MAD) dataset for the SeMet-Tm-1(431) crystal was collected at the SPring-8 BL38B1 beamline at 100 K. The wavelengths in the MAD experiment were determined by a prior XAFS experiment that used a SeMet-Tm-1(431) crystal (Table S1 ). The datasets for SeMet-Tm-1(431) were processed using MOSFLM (4) and SCALA (5) as implemented in XIA2 (6) . The datasets for Tm-1(431) were processed using the XDS/XSCALE (7) as implemented in XIA2 (6).
Tm-1(201/I91T) crystals were grown on a siliconized coverslip by equilibrating a mixture containing 1. The ToMV-Hel-Tm-1(431) and ToMV-Hel-Tm-1(431/I91T) data were acquired at the SPing-8 BL38B1 and Photon Factory BL-17A beamlines at 100 K, respectively. The datasets for Tm-1(201/I91T), ToMV-Hel-Tm-1(431), and ToMV-Hel-Tm-1(431/I91T) were processed using the HKL2000 suite (8) . The data collection and processing statistics are summarized in Table S1 .
Structure Determination. MAD phasing, density modification, and initial model building for Tm-1(431) were performed using AutoSol and AutoBuild from the PHENIX program suite (9) . Of the 60 possible selenium atoms in an asymmetric unit, 40 were found, and their positions were refined. A total of 1,456 residues were built into the electron density map automatically, and the side chain positions of 846 of these residues were fit into the electron density. The remaining parts of the molecule were constructed manually using COOT (10) . The Tm-1(201/I91T) structure was determined by molecular replacement (MR) using MOLREP (11) and the coordinates of the Tm-1 NN-domains as the search model.
Attempts to solve the initial phases of the ToMV-Hel-Tm-1(431) complex by MR using the ToMV-Hel structure [Protein Data Bank (PDB) ID code 3VKW] (12) as a search model were unsuccessful. However, initial phases were obtained when the Tm-1(431) structure was used as the search model with MR by MOLREP (11), and the difference Fourier maps calculated from the complex's diffraction data using the Tm-1(431) model contained electron density associated with ToMV-Hel that could be used in conjunction with the free ToMV-Hel structure to build the remainder of the complex. The structure of ToMV-HelTm-1(431/I91T) was determined using the coordinates of ToMVHel-Tm-1(431).
Refinements were followed by minimization with the crystallography and NMR system (CNS) (13) and iterative cycles of manual fitting. Then manual model building was carried out using COOT (10) . The crystallographic models were refined using REFMAC (14) or CNS. Structural geometry was analyzed and validated by the MOLPROBITY (15) . Phasing and refinement statistics are given in Table S1 .
Inhibition of in Vitro ToMV RNA Replication. The assay protocol was essentially as described in refs. 16 and 17. To assess the activities of recombinant Tm-1 constructs, WT ToMV, Tm-1 resistancebreaking ToMV mutant (LT1), or LT1(E979K) genomic RNA (800 ng) was individually translated in 100 μL of a membranedepleted evacuolated BY-2 protoplast lysate-based translation mixture at 23°C for 1 h. Then 14 μL of each translation mixture was mixed separately with 1 μL of 2.17 pmol of purified Tm-1(431), Tm-1(431/I91T), Tm-1(201), or Tm-1(201/I91T) in 20 mM Tris·HCl (Fig. 5) , WT ToMV RNA (40 ng in 5 μL of the translation mixture) and Tm-1 mRNA (1.38 μg in 10 μL of the translation mixture) synthesized by in vitro transcription using mScript mRNA production system reagents (Cellscript, Inc.) were individually translated at 23°C for 1 h, mixed with each other, added into 5 μL of the membrane preparation, and incubated at 15°C for 1 h. Then the substrates for RNA replication containing [α-32 P]CTP were added and further incubated at 23°C for 1 h. 32 P-labeled RNA was purified by phenol extraction and ethanol precipitation, electrophoresed through a 2.4% (wt/vol) PAGE gel containing 8 M urea, and subjected to autoradiography. Band intensities were quantified using Multi Gauge v3.0 (Fujifilm).
Isothermal Titration Calorimetry for Characterizing Interactions
Between Tm-1 and ToMV-Hel Constructs. To eliminate the heat of dilution effect, all protein solutions were dialyzed against 100 mM sodium phosphate (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 0.5 mM Tris(2-carboxyethyl)phosphine before calorimetry. Before each experiment, ATPγS (final concentration, 50 μM) was added into both protein solutions. Isothermal titration calorimetry (ITC) was carried out using a VP-ITC calorimeter (GE Healthcare BioSciences) at 15°C. The cell volume of the calorimeter was 1.4482 mL. Each Tm-1 solution (∼150 μM) was taken up in a syringe for injection into the ToMV-Hel (∼15 μM) solution. All samples were degassed before titration by centrifugation (14,000 × g for 30 min at 4°C). The titrant was injected into the cell in 10-μL increments at 300-s intervals with stirring at 270 rpm. The titration data were processed with MicroCal Origin, Version 5.0.
ITC for Characterizing Interactions Between Tm-1(431/I91T) and ATP or GTP. Tm-1(431/I91T) protein was dialyzed against 100 mM sodium phosphate (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 0.5 mM Tris(2-carboxyethyl)phosphine before calorimetry. ITC was carried out using an iTC200 calorimeter (GE Healthcare Bio-Sciences) at 25°C. The cell volume of the calorimeter was 0.2081 mL. ATP (1.44 mM) or GTP (1.67 mM) was dissolved in the same buffer as Tm-1(431/I91T), and the solutions were taken up in a syringe for injection into the Tm-1(431/I91T) solution (159 μM). All samples were degassed before titration by centrifugation (14,000 × g for 30 min at 4°C). The titrant was injected into the reaction cell in 2-μL increments at 180-s intervals with stirring at 1,000 rpm. The titration data were processed with MicroCal Origin software, Version 5.0.
Measurement of the ToMV-Hel ATPase Activity by ITC. To eliminate the heat of dilution effect, all protein solutions used for calorimetry were dialyzed against 100 mM sodium phosphate (pH 7.5), 150 mM NaCl, 2 mM MgCl 2 , 0.5 mM Tris(2-carboxyethyl) phosphine. ITC was carried out using a VP-ITC calorimeter (GE Healthcare Bio-Sciences) at 15°C with stirring at 300 rpm. All samples were degassed before titration by centrifugation (14,000 × g for 30 min at 4°C). The cell volume of the calorimeter was 1.4482 mL. A 100-μL solution of 3.8 μM ToMV-Hel or a mixture of 3.8 μM ToMV-Hel and Tm-1(431/I91T) was taken up in a syringe and injected 100 s after the 4.0-mM ATP solution had been added into the calorimetry cell over a period of 250 s. The titration data were processed with ITCenz (18).
Size-Exclusion Gel Chromatography. Purified ToMV-Hel was mixed with Tm-1(431) in the presence or absence of 2.0 mM ATP or with Tm-1(431/I91T) in the presence or absence of 2.0 mM ATP, ADP, or GTP. Each mixture was incubated at 4°C for 2 h and then chromatographed through 200 pg HiLoad 10/300 GL Superdex (GE Healthcare Bio-Sciences) in 20 mM sodium phosphate (pH 7.5), 150 mM NaCl, 1 mM DTT, 2 mM MgCl 2 with or without 0.2 mM ATP, ADP, or GTP, as appropriate. The flow rate was 0.5 mL/min, and the temperature was 4°C. Each peak fraction was subjected to SDS/PAGE. The separated proteins were visualized by Coomassie Brilliant Blue staining.
Molecular Dynamics Simulations. The crystallographic structure of ToMV-Hel-Tm-1(431) was used as the template for the LT1-Hel-Tm-1(431) and T21-Hel-Tm-1(431) complexes. The ToMV-Hel-Tm-1(431/I91T) complex was used as the template for the LT1-Hel-Tm-1(431/I91T), LT1(E979K)-Hel-Tm-1(431/I91T), and LT1(D1097Y)-Hel-Tm-1(431/I91T) complexes. The following protocol was applied to each of the complexes using MOE software (Chemical Computing Group, Inc.). For each complex, the rotamers of the mutated residue's angles were searched automatically by Rotamer Explorer, and the most appropriate set of angles for each mutated residue was selected after their values were examined manually. The protonate 3D protocol (19) in MOE was used to assign ionization states and hydrogen positions in the structures. Water molecules were added within 10 Å of I91 or T91 in Tm-1(431) or Tm-1(431/I91T), respectively. Because the complexes were very large, especially after water molecules had been added, and would have required long simulation times, only the residues within 10 Å of I91 or T91 were included in the simulations. Before the molecular dynamics (MD) simulations, the mutant structures were energy minimized to remove steric clashes. MD simulations were performed using the Amber12:EHT force field (Chemical Computing Group Inc.). A common MD protocol that heats the system from 0 to 300 K (100 ps) followed by equilibration, production for 500 ps, and cooling to 0 K (100 ps) was used. (2) . The dimer interface is formed mainly by an extensive set of hydrophobic interactions and hydrogen bonds between β5-β5 and α6-α6, shown in yellow (Tables S2 and S3 ). Values in intensity statistics for Tm-1(431) refer to our previous report (3) . TLA, tartaric acid. *Data for each of the highest-resolution shells are given in parentheses. † R sym (I) = Σ hkl Σ i jI i (hkl) -<I(hkl)>j/Σ hkl Σ i jI i (hkl)j; for n independent reflections and i observations of a given reflection; <I(hkl)>, average intensity of the ith observation. Tyr981, Glu982, Gly983, His984 Met85 Asn978, Tyr981, Glu982, Gly983, His984 Gly86
Asn978, Gln979, Tyr981, Glu982, Gly983 Gly86 Asn978, Gln979, Tyr981, Glu982, Gly983 Thr87
Asn978, Gln979, Arg980, Tyr981, Glu982 Thr87 Asn978, Gln979, Arg980, Tyr981, Glu982 Phe88 Gln979 Phe88 Asn978, Gln979 Ala89
Gln979, Arg1065 Ala89 Gln979, Arg1065 Asp90
Gln979, Arg1065 Asp90 Gln979, Arg1065, Asp1097 Ile91
His975, Phe976, Gln979, Ile1094, Asp1097, Leu1098, Val1101 Thr91 His975, Gln979, Ile1094, Asp1097, Leu1098, Val1101 Leu94
His975, Asn978, Gln979, His984, Tyr1109 Leu94 His975, Asn978, Gln979, Tyr1109 Ala95
His975, Leu1105 Ala95 His975, Val1101, Leu1105 Ile98
His975, His984, Leu1105, Met1108, Tyr1109 Ile98 His975, Leu1105, Met1108, Tyr1109 
